Abstract. The coupled multiplier is a new approach to efficient generation of MeV d.c. power for accelerator applications. High voltage is produced by a series of modules, each of which consists of a high-power alternator, step-up transformer, and 3-phase multiplier circuit. The alternators are connected mechanically along a rotating shaft, and connected by insulating flexible couplers. This approach differs from all previous d.c. technologies in that power is delivered to the various stages of the system mechanically, rather than through capacitive or inductive electrical coupling. For this reason the capital cost depends linearly on required voltage and power, rather than quadratically as with conventional technologies. The CM technology enables multiple electron beams to be driven within a common supply and insulating housing. MeV electron beam is extremely effective in decomposing organic contaminants in water. A 1 MeV, 100 kW industrial accelerator using the CM technology has been built and is being installed for treatment of wastewater at a petrochemical plant.
INTRODUCTION
Accelerator Technology Corp. and Texas A&M University have developed a high-power electron beam treatment system for treatment of contaminated wastewater using high-power electron beam. A decade of laboratory testing and water chemistry [1, 2, 3, 4] has demonstrated that electron beam treatment is highly effective in dissociating organic contaminants in water. The challenge today is to make e-beam treatment cost-effective for industrial wastewater applications. This requires a new generation of e-beam technology that produces high-power, high-energy electron beams at an affordable cost. During the past three years, ATC has developed the Coupled Multiplier Accelerator A), a completely self-contained highpower electron accelerator that produces 100 kW of beam power at 1 MV, supports multiple independent beams, and has a modest capital cost compared to conventional technologies. All components of the first CMA system (CMA) have been built and the system is currently being installed in its enclosure. Figure 1 shows the layout of elements within the CMA system. The essential novelty of the CMA approach is that it produces d.c. high voltage in a sequence of modules that are powered in parallel but connected in series electrically. This is in distinction to all previous d.c. high voltage sources, in which power is transmitted in series through a succession of stages., limiting power delivery at high voltage. 
POWER SUPPLY DESIGN
High voltage is generated in a succession of modules, each containing an alternator, a step-up transformer, a high-voltage multiplier circuit, and a control circuit. The modules are connected electrically in series, and are tied to electrodes along the accelerator columns of the electron beams that they power, as shown in Figure 1 . The entire system -power supply and accelerator columns -is contained within a steel vessel which is filled with pressurized SF 6 gas to provide dielectric insulation.
The alternators of successive modules are driven as two serial strings by high-power motors (3600 rpm, 125 HP each). The alternator shafts are connected mechanically along each string by means of flexible, electrically insulating couplers, shown in Figure 3 . Each coupler consists of a flexible Hytril gland sandwiched between G-10 hubs, coupled to the shafts by steel inserts and keyways. The couplers are tested to convey >300 N⋅m of torque and to insulate 150 kVdc between shafts when operating in the SF 6 insulating gas within the CMA vessel. Figure 2 shows the circuitry within one CMA module. Each alternator produces two 3-phase a.c. power outputs (~100 V rms , 60 Hz, 8 kW each). Each alternator output is boosted through a 175:1 step-up transformer and applied to a multi-stage multiplierrectifier circuit. The multiplier circuit contains 6 fullwave stages, operating at staggered phases. It produces a d.c. output of 120 kV when unloaded, 60 kV under full rated load of 100 mA. The lowest harmonic of ripple in the rectified output is at a frequency ƒ = 4.3 kHz. A relatively modest coupling and filter capacitance (.05 µF for all of the capacitors in Figure 2 ) suffices to provide a strong suppression of ripple.
Each CMA module is monitored and controlled by a control circuit that is mounted within its enclosure. The control circuit is powered from the a.c. output of the alternator, and contains a data acquisition board (DAQ) and optical modem. The control circuits of all modules are accessed by fiber optic connection.
The output power of each alternator is controlled by the current in its field coil. This control current is generated by a pulse width modulator located within the control circuit. The d.c. voltage produced by each module is measured using a resistive divider. A comparator senses the difference between this output voltage and a set voltage that is produced by a digitalanalog converter in the DAQ circuit. The difference voltage is used to control the field current and thereby regulate the output voltage of each module.
The frequency response of the regulation of the CMA modules is determined by the time 1/ƒ = 230 µs between successive charging pulses in the 6-stage multiplier circuit. This fast response makes it possible to provide feed-forward regulation of output voltage dur- ing pulsed-mode operation, when an electron beam is square-wave modulated, as discussed below.
PERFORMANCE OF CMA TO DRIVE MULTIPLE ELECTRON BEAMS
CMA was developed to support the operation of multiple independent electron beams, all contained in a common insulating tank and driven from a common d.c. source. The design was driven by the need for such multiple beams for industrial applications in water treatment, food irradiation, and materials processing, where large quantities of a commodity must be processed in multiple parallel process lines.
The CMA supply described above has several unique features for this purpose. First, it is capable of producing very large power. We are building a 1 MV, 100 mA, 3-beam unit for treatment of industrial wastewater. We have designed a 2 MV, 200 kW, 8-beam unit suitable for food irradiation, which is simply a twice-length embodiment using the same modules. Such beam power is not achievable with conventional e-beam technology.
Second, the CMA supply has very small ripple (~2⋅10 -3 @ full load) and excellent regulation (~10 -3 idle to full load), which is important for independent operation and stable transport optics of multiple ebeams. The overall efficiency, from a.c. drive of the motors to d.c. at terminal voltage, is ~67%.
Third, all electrical components of the CMA accelerator are contained within the grounded steel vessel. This feature is of considerable importance for industrial applications, where in the event of a spark-down within an accelerator a high-voltage transient could propagate back onto a.c. supply networks and destroy control circuitry throughout a plant. In CMA, the only things that go into the vessel are two rotating shafts and fiber-optic control cables; the only things that come out are electron beams. If a spark-down were to occur inside, its only possible effect would be a cessation of electron beam and an off-loading of the motors.
Fourth, all of the component systems of CMA are inexpensive and reliable. The alternators, rectifiers, capacitors, and control components used in the modules are standard and available from multiple suppliers. The CMA module packaging has been developed to be extremely robust against damage from highvoltage transients. Indeed, a prototype CMA module was put through extensive full-load testing. We deliberately sparked the output to ground without damage.
The control of the CMA modules through field coil excitation makes it possible to start up the motors under no load, and then increase voltage in a controlled and gradual manner. Each control module is instrumented to measure both the supply current delivered and the differential between input and output current (see Figure 2) , providing a useful diagnostic for corona or beam interception at intermediate voltage levels.
E-BEAM WATER TREATMENT
Electron-beam treatment has been shown to be highly effective in destroying toxic organic contaminants in water. This effectiveness results from the production of huge concentrations of reactive radicals (OH⋅, H⋅) and aqueous electrons − aq e through the ionization of high-energy electrons as they cascade within the water (see Figure 6 ). These short-lived radicals drive both oxidation and reduction reactions at the same time. Since the digestion of aromatic hydrocarbons typically requires a sequence of reactions of both types, e-beam treatment uniquely has the capability to drive digestion all the way to non-toxic end products. Cooper [1, 2] and others [5] have performed controlled experiments to measure the effectiveness of ebeam destruction of toxic organic compounds and to correlate the results with models of the reaction kinetics [1, 2, 3] . Figure 7a shows the destruction of phenol in water as observed by Zele et al. [5] . A dose of 3 kGy suffices to destroy all of the phenol. Figure 7b shows the formation of several intermediaries that are formed in the first reaction of phenol with the free radicals, and the ultimate destruction in turn of these intermediaries as dose increases, so that the dose of 3 kGy suffices to destroy the intermediaries as well. This ability to drive a succession of destruction reactions, typically both oxidation and reduction, is uniquely possible with electron beam treatment.
CONCLUSIONS
The coupled multiplier accelerator (CMA) is a new technology for high-power MV electron. It uses direct mechanical drive of a succession of series multipliers to achieve higher power, better efficiency, and better regulation/ripple performance than that of conventional few-MV electron accelerators. The first 1 MV, 100 kW CMA unit will be installed at a petrochemical plant and used to treat industrial wastewater. 
